Introduction
============

Many physiologic processes, including tropisms, root and shoot morphologic architecture, flower and fruit development, vascular formation, tissue differentiation, and cell elongation, are directed primarily by auxin (Davies, [@B21]). Almost every event in auxin signaling and metabolism, including auxin perception, signaling derepression, biosynthesis, and inactivation is intimately correlated with plant defense or disease development. Indole-3-acetic acid (IAA) is the generally occurring form of auxin in plants, and the compound can also be produced by microbes. Many studies have elucidated how and why phytopathogens like tumor- and gall-inducing species and plant growth-promoting rhizobacteria produce IAA (Liu et al., [@B46]; Glick, [@B32]; Patten and Glick, [@B63]; Barash and Manulis-Sasson, [@B3]; Reineke et al., [@B67]; Lee et al., [@B44]; Apine and Jadhav, [@B2]). Non-gall- or tumor-inducing phytopathogens occupy a special position among IAA-producing microbes (Fett et al., [@B28]; Glickmann et al., [@B33]; Hasan, [@B38]; Maor et al., [@B48]; Yang et al., [@B91]; Fu et al., [@B30]); however, the details of their IAA-related functional determinants remain ambiguous. This review focuses on the phenomena and the possible mechanisms of auxin in the interactions of plants and non-gall- or tumor-inducing pathogens.

Auxin Performance in Plant--Pathogen Interactions
=================================================

Auxin behavior in plant--pathogen interactions is complicated. Thus far, most studies are related to its role during pathogenesis. Auxin can promote disease symptoms in many plants. Treatments with the auxin analogs 2,4-dichlorophenoxyacetic acid (2,4-D) or 1-naphthalacetic acid (NAA) enhance disease symptoms in *Arabidopsis* infected by *Pseudomonas syringae* pv*. tomato* (Pto) DC3000 (Navarro et al., [@B55]; Chen et al., [@B15]). *Pseudomonas syringae* pv. *maculicola* inoculation supplemented with NAA not only increases susceptibility of *Arabidopsis* to this pathogen but also accelerates its growth (Wang et al., [@B87]). Exogenous application of IAA or 2,4-D increases the lesion areas of resistance rice lines inoculated with *Xanthomonas oryzae* pv. *oryzae* (*Xoo*; Ding et al., [@B23]). External IAA treatment aggravates the disease progress caused by *Xanthomonas oryzae* pv. *oryzicola* (*Xoc*) and *Magnaporthe* *oryzae* in rice (Fu et al., [@B30]). Heterologous expression of a fungal polygalacturonase in tobacco or exogenous treatment of tobacco with oligogalacturonide (OG) enhances plant resistance to the necrotrophic fungal pathogen *Botrytis cinerea*, but pretreatment with IAA recovers the susceptibility (Ferrari et al., [@B27]). Recently, IAA was found to antagonize OG-induced resistance against *B. cinerea* in *Arabidopsis* (Savatin et al., [@B69]). Auxin transport inhibitor naphthylphthalamic acid can attenuate canker development of sweet orange infected by *Xanthomonas axonopodis* pv. *citri*, but NAA can provoke more serious disease symptoms (Cernadas and Benedetti, [@B12]).

Elevated levels of endogenous plant IAA have been observed during pathogen infection. *Arabidopsis* showed increased IAA concentration from 48 to 96 h post inoculation with *Pst*DC3000 in comparison with mock-inoculated control plants (Schmelz et al., [@B70]). A salicylic acid (SA)-deficient NahG line and ethylene-insensitive mutants *etr1* and *etr2* were used to examine the phytohormone interactions corresponding with *Xanthomonas campestris* pv. *campestris* (*Xcc*) invasion; the results suggested that all three tested materials accumulate IAA independent of either SA or ethylene action (O'Donnell et al., [@B58]). Susceptible rice plants accumulated more IAA than resistant plants during infection with different pathogens (Ding et al., [@B23]; Fu et al., [@B30]).

A few studies have revealed that auxin can enhance disease resistance in *Arabidopsis* against some necrotrophic pathogens, which will be discussed in the next part of this review.

Auxin Signaling in Plant--Pathogen Interactions
===============================================

Auxin can be perceived by a family of F-box proteins including transport inhibitor response 1 (TIR1) and auxin signaling F-box proteins 1, 2, and 3 (AFB1, AFB2, and AFB3; Dharmasiri et al., [@B22]; Kepinski and Leyser, [@B40]). A bacterial peptide flg22, a pathogen-associated molecular pattern, at a high concentration (10 μM), induces the microRNA miR393 leading to degradation of the mRNAs of auxin receptors TIR1, AFB2, and AFB3, but transcriptional repression of AFB1 is microRNA independent (Navarro et al., [@B55]). TIR1 is the core member of the ubiquitin--ligase complex SCF^TIR1^ that degrades transcriptional repressor Aux/IAA and thus releases auxin response factor (ARF) to regulate the transcription of primary auxin-responsive genes after the interaction of TIR1 and auxin (Woodward and Bartel, [@B89]). The flg22-elicited down-regulation of TIR1 and stabilization of an Aux/IAA protein happen simultaneously, and some primary auxin-responsive genes are suppressed (Navarro et al., [@B55]). Overexpression of *AFB1* in a *tir1* mutant background results in enhanced disease sensitivity to virulent Pto DC3000, and constitutive expression of miR393 triggers decreased TIR1 transcript and increased resistance to *P. syringae* in *Arabidopsis* (Navarro et al., [@B55]). According to the results from above-mentioned studies, it could be hypothesized that suppressing auxin signaling at the onset of auxin perception would contribute to disease resistance.

The study on OG--IAA antagonism in *Arabidopsis* discovered that, when the elicitor flg22 was applied at a lower concentration (1 μM), miR393 expression was unchanged, and the mRNAs of auxin receptors were not decreased; when flg22 was applied at a high concentration (10 μM), it did not stabilize Aux/IAA repressor in the presence or absence of exogenous IAA (Savatin et al., [@B69]). Thus, it needs to be deliberated whether miR393 is directly responsible for the repressed auxin signaling by flg22.

However, recent studies have also shown that intact auxin signaling is indispensable for resistance against necrotrophic pathogens. Mutations in *AXR1*, which encodes protein related to auxin signal-mediated ubiquitination of repressor Aux/IAA, cause susceptibility to necrotrophic oomycete *Pythium irregulare* (Tiryaki and Staswick, [@B83]). *Arabidopsis* mutants defective in auxin-stimulated ubiquitination pathway display increased susceptibility to necrotrophic fungi *Plectosphaerella cucumerina* and *B. cinerea*; AXR3 is an auxin transcriptional repressor that undergoes degradation by ubiquitination machinery, and heat shock-induced AXR3-GUS protein becomes more stable upon *P. cucumerina* infection (Llorente et al., [@B47]). These results suggest that the global down-regulation of auxin response genes observed after virulent necrotrophic *B. cinerea* or *P. cucumerina* infections may be caused by reduced degradation of auxin-signaling repressors (Llorente et al., [@B47]).

Auxin Conjugation in Plant--Pathogen Interactions
=================================================

Additional evidence for the disease resistance conferred by suppressing auxin signaling comes from auxin conjugation machinery that is mostly controlled by *GH3* family proteins (Woodward and Bartel, [@B89]).

*GH3* belongs to a multi-gene family that encodes proteins having acyl acid amido synthetase function (Woodward and Bartel, [@B89]; Westfall et al., [@B88]). The first *GH3* gene was identified as a rapid early auxin-responsive gene in soybean (Hagen and Guilfoyle, [@B36]). The transcription of *GH3* genes can be regulated by ARFs (Ulmasov et al., [@B86]). However, not all *GH3* genes are auxin-responsive (Woodward and Bartel, [@B89]).

GH3 proteins are divided into three groups (I to III). The representative of GH3 family group I orthologs, AtGH3.11/FIN219/JAR1, regulates jasmonic acid (JA)-signaling responses by catalyzing the formation of a bioactive JA-isoleucine conjugate in *Arabidopsis* (Staswick et al., [@B76]). Mutant *jar1* causes susceptibility to the soil fungus *P. irregulare* (Staswick et al., [@B77]). Phylogenetic analyses show that the group III members of the GH3 family have only been discovered in the genomes of some dicots such as *Arabidopsis*, *Brassica napus*, and *Gossypium hirsutum* so far (Terol et al., [@B82]). The only biochemically characterized GH3 family group III protein is *Arabidopsis* AtGH3.12, which preferentially catalyzes the formation of 4-substituted benzoates-amido conjugates (Okrent et al., [@B59]).

So far, all the reported GH3 proteins that have IAA-amido synthetase function for catalyzing the formation of IAA-amido conjugates and thus inactivating IAA belong to group II, with the exception of AtGH3.12, which possibly also promotes the formation of IAA-glutamate conjugates (Staswick et al., [@B76], [@B75]; Ding et al., [@B23]; Chen et al., [@B14], [@B13]; Zhang et al., [@B92]; Böttcher et al., [@B8]; Westfall et al., [@B88]; Fu et al., [@B30]). ATP--PPi isotope exchange assays carried out on thin-layer chromatography showed that *Arabidopsis* AtGH3.2, AtGH3.3, AtGH3.4, AtGH3.6, AtGH3.9, and AtGH3.17 and grape berry VvGH3.1 have adenylation activity that enables conjugating amino acids to IAA, and AtGH3.5 shows adenylation activity for both IAA and SA (Staswick et al., [@B76], [@B75]; Böttcher et al., [@B8]). Enzyme activity analyses using liquid chromatography--tandem mass spectrometry assays prove that rice OsGH3.2, OsGH3.8, and OsGH3.13 and *Arabidopsis* AtGH3.17 all have IAA-amido synthetase function (Ding et al., [@B23]; Chen et al., [@B14], [@B13]; Zhang et al., [@B92]; Westfall et al., [@B88]; Fu et al., [@B30]). The group II GH3 proteins use various amino acids as substrates to form IAA-amido conjugates (Westfall et al., [@B88]). Some of these conjugates, like IAA-alanine and IAA-leucine, serve to temporarily store IAA and can be hydrolyzed to release free IAA when needed, whereas IAA-aspartic acid and IAA-glutamate sequester IAA for degradation (Staswick et al., [@B75]). Taken together, synthesis of these IAA conjugates is important to maintain IAA homeostasis.

Some group II *GH3*-overexpressing transgenic plants or activation-tagged mutants show auxin-deficient phenotypes, among which *Arabidopsis* *AtGH3.5* and rice *OsGH3.1*, *OsGH3.2*, and *OsGH3.8* mediate plant disease resistance associated with suppression of auxin signaling (Nakazawa et al., [@B54]; Takase et al., [@B80]; Park et al., [@B60],[@B61]; Zhang et al., [@B93], [@B92]; Ding et al., [@B23]; Domingo et al., [@B24]; Fu et al., [@B30]). *Arabidopsis* mutant *wes1-D* exhibits growth retardation and a reduced endogenous IAA level due to activation of *AtGH3.5*, and *wes1-D* plants showed enhanced resistance to *P. syringae* accompanied by activation of defense-responsive gene *PR-1* (Park et al., [@B60]). The IAA content and plant height negatively correlate with the expression level of *OsGH3.1* in rice. *OsGH3.1*-overexpressing plants have enhanced resistance to fungal pathogen *M. oryzae*, which may be associated with activation of defense-responsive genes (Domingo et al., [@B24]). Activation of *OsGH3.2* or *OsGH3.8* leads to diminished free IAA contents but elevated IAA-aspartic acid content in rice, and the plants show enhanced broad-spectrum resistance to *M*. *oryzae*, *Xoc*, and *Xoo*, which is closely associated with the inhibition of cell wall-loosening protein expansins (Ding et al., [@B23]; Fu et al., [@B30]).

Indole Derivatives in Plant--Pathogen Interactions
==================================================

There are many roads leading to the synthesis of IAA in plant and microbe. Based on whether the precursor tryptophan (Trp) is required, IAA biosynthesis is divided into Trp-dependent and Trp-independent routes. The Trp-dependent IAA biosynthesis route contains at least six different pathways: indole-3-acetamide (IAM), indole-3-pyruvate (IPA), tryptamine (TAM), indole-3-acetaldoxime (IAOx), indole-3-acetonitrile (IAN), and Trp side-chain oxidase (TSO; Figure [1](#F1){ref-type="fig"}; Woodward and Bartel, [@B89]; Spaepen et al., [@B74]). In the IAM pathway, Trp is changed to IAM by a Trp monooxygenase (IaaM) first, and then IAM is transformed to IAA by an amidohydrolase (Patten and Glick, [@B62]; Pollmann et al., [@B65]). In the IPA pathway, Trp undergoes first transamination, then decarboxylation, and finally oxidation to become IAA (Koga et al., [@B43]; Koga, [@B42]; Basse et al., [@B6]; Seo et al., [@B73]; Stepanova et al., [@B78]). In the TAM pathway, Trp is decarboxylated to TAM at the beginning by Trp decarboxylase and TAM goes through two steps of oxidation to form IAA in microbes, but in plants, TAM is converted to IAOx by YUCCA first and then follows the IAOx pathway to form IAA (Perley and Stowe, [@B64]; Hartmann et al., [@B37]; Facchini et al., [@B26]; Zhao et al., [@B94]). In the IAOx pathway, two plant P450 monooxygenases, CYP79B2 and CYP79B3, oxidize Trp to IAOx, which is either metabolized to IAN by another P450 monooxygenase, CYP71A13, or forms indole-3-acetaldehyde (IAAld) by some unidentified enzymes (Barlier et al., [@B4]; Hull et al., [@B39]; Mikkelsen et al., [@B51]; Nafisi et al., [@B52]). In the IAN pathway, IAN is generated through the IAOx pathway in plants, but the IAN source in microbes is still unclear; however, nitrilase is responsible for modifying IAN to IAA in both plants and microbes (Nagasawa et al., [@B53]; Bartling et al., [@B5]; Kobayashi et al., [@B41]). The TSO pathway is unique to microbes. In this pathway, Trp is directly converted to IAAld, which is then turned into IAA by IAAld dehydrogenase (Oberhänsli et al., [@B57]). Both plants and microbes can use the Trp-independent route to synthesize IAA, but the enzymes and intermediates involved still need to be determined (Woodward and Bartel, [@B89]; Spaepen et al., [@B74]).

![**Potential pathways for biosynthesis of IAA and secondary metabolites IGs and camalexin in plant and microbe**. The key intermediate product for each tryptophan (Trp)-dependent IAA biosynthesis pathway is boxed. Enzymes for which plant genes are identified are in blue; enzymes for which microbial genes are identified are in green; enzymes for which both plant and microbe genes are identified are in black. A question mark indicates that the enzyme is unknown. Dashed arrows indicate that the conversion needs to be accomplished in more than one step. IAM, indoleacetamide; IaaM, Trp-2-monooxygenase; AMI, amidohydrolase; IaaH, IAM hydrolase; IPA, indole-3-pyruvic acid; IPDC, indole-3-pyruvate decarboxylase; IAAld, indole-3-acetaldehyde; AAO, aldehyde oxidase; TAM, tryptamine; YUCCA, flavin monooxygenase (FMO)-like enzyme; IAOx, indole-3-acetaldoxime; IAN, indole-3-acetonitrile; NIT, nitrilase; TSO, Trp side-chain oxidase.](fpls-02-00074-g001){#F1}

Some plant-produced secondary metabolites, known as phytoalexins, serve as antibiotics in response to pathogen invasion. Phytoalexins camalexin (3-thiazol-2′-yl-indole), which is toxic to necrotrophic fungi, and indole glucosinolates (IGs), which are broad-spectrum defense compounds, are indole derivatives that share overlapping biosynthesis steps with Trp-dependent IAA synthesis pathways in plants (Figure [1](#F1){ref-type="fig"}). IAOx is the key branching point for the formation of camalexin and IGs. Through the P450 monooxygenase CYP83B1, IAOx enters a secondary metabolism pathway leading to IGs, which has been identified by direct biochemical evidence (Bednarek et al., [@B7]). When IAOx is converted to IAN by CYP71A13, IAN can alternatively be hydrolyzed to IAA by NIT or feed into the camalexin synthesis pathway with the final step catalyzed by one more P450 monooxygenase, CYP71B15 (Figure [1](#F1){ref-type="fig"}; Bartling et al., [@B5]; Schuhegger et al., [@B72]). Thus, there is balanced regulation between the biosynthesis of IAA and indole-derived phytoalexins in plant--pathogen interactions.

The biosynthesis of camalexin and IGs is also under the control of auxin signaling. In *Arabidopsis* miR393-elicited suppression of auxin signaling, ARF is sequestered by stable heterodimerization with Aux/IAA (Woodward and Bartel, [@B89]). It was recently reported that ARF1 and ARF9 are negative regulators for IG accumulation and that ARF9 functions positively in camalexin accumulation in *Arabidopsis* (Robert-Seilaniantz et al., [@B68]).

Emerging evidence shows that camalexin and IGs are important for plants to establish resistance against pathogens. The flg22-triggered callose deposition enhances plant cell wall strength, which contributes to restricting Pto DC3000 growth. This kind of callose deposition requires IG biosynthesis, and mutants defective in the IG biosynthesis pathway or transcriptional activation of IG biosynthesis fail to form callose deposition upon the flg22 trigger (Clay et al., [@B17]). A reduction in the levels of IGs and camalexin in auxin polar transport mutant *aux1* may be the reason for the completely abolished systemic acquired resistance in this mutant (Truman et al., [@B84]). Similarly, camalexin and IGs are found to participate in *mlo*-conditioned powdery mildew immunity in *Arabidopsis* (Consonni et al., [@B18]). Overexpression of miR393 confers *Arabidopsis* resistance to biotrophic pathogens but susceptibility to necrotrophic pathogens. The different responses of *Arabidopsis* to different types of pathogens are associated with transcriptional induction of IG synthesis-related genes but suppression of camalexin synthesis-related genes (Robert-Seilaniantz et al., [@B68]). The opposite reaction to different pathogens can be indirectly clarified by the general rule that miR393-overexpressing plants accumulate more IGs, but less camalexin after flg22 treatment (Robert-Seilaniantz et al., [@B68]).

Presumed Mechanisms of Auxin in Plant--Pathogen Interactions
============================================================

The involvement of auxin in disease development appears to include the following aspects. First, auxin can weaken the plant cell wall, a natural barrier against pathogens. Exogenous auxin can promote rapid elongation of plant tissues by increasing the extensibility of cell wall (Cosgrove, [@B19]). The plant cell wall is composed of cellulose microfibrils and polysaccharides, and the rigidity of the plant cell wall is sustained by some structural proteins (Darley et al., [@B20]). Three types of cell wall structural proteins take part in acid-induced wall extension: the endo-β-1,4-glucanases (EGases), xyloglucan endotransglycosylases (XETs), and expansins. The expression of EGases and XETs can be induced by auxin, and they function during cell wall loosening in association with depolymerization of wall polysaccharides (Fry et al., [@B29]; Brummell et al., [@B9]; Catalá et al., [@B10]). At the initial stage of infection, pathogens generate IAA to stimulate EGases and XETs to hydrolyze plant cell wall polysaccharides, and the cell wall saccharides that are released can serve as an ideal nutrition supply to pathogens for survival and later proliferation (Lindow and Brandl, [@B45]). Auxin also promotes the expression of expansins. Tomato expansin gene *LeExp2* shows a high expression level at hypocotyl and fruit growth stages, and auxin up-regulates the expression of *LeExp2* remarkably (Catalá et al., [@B11]). Some expansin genes of soybean and rice can be induced by auxin as well (Downes et al., [@B25]; Ding et al., [@B23]). Expansins mediate long-term extension of the cell wall by breaking the hydrogen bonds between cellulose microfibrils and polysaccharides in the wall (McQueen-Mason and Cosgrove, [@B49]). This process can make the plant cell wall vulnerable and create an opportunity for pathogen attack. Rice plants overexpressing expansin genes are more susceptible to *Xoo*, *Xoc*, and *M. oryzae* infections compared with susceptible wild-type plants; resistant rice plants overexpressing *OsGH3.2* or *OsGH3.8* to suppress auxin signaling show decreased expression levels of expansin genes before and after infection by any of these three pathogens (Ding et al., [@B23]; Fu et al., [@B30]). Microarray analysis demonstrates that several genes encoding proteins concerning cell wall loosening are down-regulated in rice plants overexpressing *OsGH3.1*, which suppresses auxin signaling (Domingo et al., [@B24]).

Second, auxin appears to be involved in the opening of stomata, which provide a route of invasion into plants for some phytopathogens. Several pathogens, such as *Fusicoccum amygdali*, *Plasmopara viticola*, *Xanthomonas axonopodis* pv. *citri* (*Xac*), *Xcc*, and *Xoc*, use stomata as gateways to colonize the interior of plant tissues (Turner and Graniti, [@B85]; Niño-Liu et al., [@B56]; Allègre et al., [@B1]; Gottig et al., [@B34]; Gudesblat et al., [@B35]). Auxin might take charge of stomatal opening and thereby assist pathogens to conquer stoma-conferred plant innate immunity (Schroeder et al., [@B71]; Melotto et al., [@B50]). However, this hypothesis needs to be validated by more experimental evidence.

Finally, IAA signaling may be antagonistic to the SA-mediated disease resistance pathway (Figure [2](#F2){ref-type="fig"}). The *P. syringae* type III effector AvrRpt2 promotes virulence in *Arabidopsis* by suppressing pathogenesis-related (*PR*) gene expression that could be activated in SA-dependent defense (Chen et al., [@B16]). This process is notably paralleled by an increased IAA content (Chen et al., [@B15]). SA-mediated plant immunity usually accompanies the repression of the auxin-signaling pathway, including down-regulation of small auxin-up RNA (*SAUR*) family genes, *Aux/IAA* family genes, polar auxin transport genes, and auxin receptor genes, and up-regulation of some IAA-amido synthase genes (*GH3* family; Wang et al., [@B87]). However, the enhanced resistance to *Xoo* by suppressing auxin signaling does not require activation of SA signaling in rice (Ding et al., [@B23]; Fu et al., [@B30]). In addition, microarray data clearly indicate that some defense-responsive genes are down-regulated in IAA-treated *Arabidopsis* or IAA-overproduction *Arabidopsis* mutants (Zhao et al., [@B95]; Redman et al., [@B66]).

![**A model of auxin signaling in plant--pathogen interaction**. After pathogen-induced IAA accumulation is perceived by auxin receptor TIR1/AFB, TIR1/AFB is activated for degradation of auxin-signaling repressor Aux/IAAs and subsequent derepression of ARFs. Plant IAA biosynthesis may be up-regulated by some ARFs. The elevated IAA level will cause plant cell wall expansion and stomatal opening, which promotes disease development. Some members of ARFs positively regulate camalexin biosynthesis but negatively regulate biosynthesis of indole glucosinolates (IGs), which results in resistance to necrotrophic pathogens and susceptibility to biotrophic pathogens. The expression of some *GH3* genes is also activated by ARFs. GH3 sequesters IAA into a conjugated form that inhibits the function of IAA on cell wall and stomata, and thus confers plant resistance. Additionally, auxin-signaling acts antagonistically toward salicylic acid signaling essential for biotrophic resistance, but synergistically with jasmonic acid/ethylene-signaling required for necrotrophic resistance.](fpls-02-00074-g002){#F2}

The reason underlying the auxin-signaling pathway in disease resistance against necrotrophic pathogens might be allied with JA- and ethylene-signaling pathways that have positive effects on defense against necrotrophic pathogens (Figure [2](#F2){ref-type="fig"}; Glazebrook, [@B31]). The induction of JA synthesis-related genes and JA-regulated defense genes, including *AOS* (allene oxide synthase), *LOX2* (lipoxygenase 2), and *AtVSP* (vegetative storage protein), by IAA is suppressed in *axr1-24*, which might explain the increased susceptibility of this auxin-signaling mutant to the necrotrophic pathogen *P. irregulare* (Tiryaki and Staswick, [@B83]). However, during susceptible interactions between *Arabidopsis* auxin-signaling mutants *aux1-12* and *axr2-1* and the necrotrophic pathogen *P. cucumerina*, activation of SA- and JA/ethylene-signaling pathways is not affected, which means the auxin-signaling pathway is significant in defense against necrotrophic pathogens (Llorente et al., [@B47]).

Virulence Mechanism of Pathogen-Generated IAA during Disease Development
========================================================================

The IAA synthesized and secreted by pathogens may act as a virulence factor during disease development. A spontaneous mutant of *Pseudomonas fluorescens*, HP72, produces only low amounts of IAA and has a weakened ability to colonize bentgrass root (Suzuki et al., [@B79]). Knockout of the IAA synthesis-related gene *iaaM* (Trp-2-monooxygenase) in *Erwinia chrysanthemi* reduces bacterial IAA production, diminishes pectate lyase production, and impairs local maceration of pathogenicity on the African violet *Saintpaulia ionantha* (Yang et al., [@B91]).

Although the exact role of pathogen-generated IAA in plant--pathogen interactions is still unclear, two models may provide an explanation. The first model describes how pathogen-generated IAA may have a direct virulence effect on plants by loosening the cell wall, opening stomata, and inhibiting SA-dependent defense signaling as discussed above (Chen et al., [@B16], [@B15]; Ding et al., [@B23]; Domingo et al., [@B24]; Fu et al., [@B30]). The second model outlines how IAA secreted by the pathogen may evoke plant endogenous IAA biosynthesis resulting in amplification of the virulence effect caused by pathogenic IAA (Figure [2](#F2){ref-type="fig"}).

Plants might perceive pathogenic IAA in the manner of auxin receptors such as TIR1. TIR1 bound with IAA facilitates the interaction of TIR1 and auxin-signaling repressor protein Aux/IAA, which leads to degradation of Aux/IAA and derepression of ARF-controlled auxin-regulated gene expression (Woodward and Bartel, [@B89]; Tan et al., [@B81]). A series of downstream events in the auxin-signaling pathway are activated (Woodward and Bartel, [@B89]) and may promote auxin biosynthesis in plants (Figure [2](#F2){ref-type="fig"}). This hypothesis is supported by the evidence that IAA or pathogen infection can induce plant IAA synthesis-related genes. Exogenous IAA can induce the expression of some paralogs of the *YUCCA* family, which is important for plant auxin biosynthesis in *Arabidopsis*, in the black cottonwood *Populus trichocarpa* (Figure [1](#F1){ref-type="fig"}; Zhao et al., [@B94]; Xia et al., [@B90]). Indole-3-acetaldehyde oxidase (AAO) and nitrilase (NIT) are two protein families involved in the two Trp-dependent pathways for IAA biosynthesis in plants, respectively (Woodward and Bartel, [@B89]). Some paralogs of *AAO* and *NIT* families are induced by exogenous IAA treatment in rice (Fu et al., [@B30]). The expression of an *NIT* gene is increased in *Xcc*-infected *Arabidopsis* (O'Donnell et al., [@B58]). *AAO* and *NIT* genes are markedly induced in susceptible rice plants after infection with *M. oryzae*, *Xoc*, or *Xoo*, which is accompanied by accumulation of IAA in the infected tissues (Ding et al., [@B23]; Fu et al., [@B30]). Furthermore, IG and camalexin accumulation is negatively and positively controlled by some members of ARFs, respectively (Robert-Seilaniantz et al., [@B68]), which endows the plant with greater susceptibility to biotrophic pathogens and more resistance to necrotrophic pathogens (Figure [2](#F2){ref-type="fig"}). However, both models may be active in one plant--pathogen interaction.

Conclusion
==========

Plants and pathogens communicate with each other in a conversation through auxin. Further studies on the physiologic and pathogenetic effects of auxin, the bilateral performance of auxin to different kinds of pathogens, and the fine-tuned interplay between auxin signaling and secondary metabolism and other hormone signaling will lead to a better understanding of auxin signaling in plant--pathogen interactions. Besides these theoretical inquiries, manipulating auxin signaling to endow plants with enhanced disease resistance will attract increasing attention and be put into practice in the future.
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